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[1] This paper examines the ability of three ocean mixed layer submodels to depict
inter-annual variations of sea surface temperature (SST) in a global configuration of the
HYbrid Coordinate Ocean Model (HYCOM). The mixed layer submodels are (1) the
K-Profile Parameterization (KPP), (2) the NASA Goddard Institute for Space Studies
(GISS) turbulence closure, and (3) the Mellor-Yamada Level 2.5 (MY) turbulence
closure. Accuracy of SSTs from the submodels is investigated during 1996–2001,
which includes the onset of the strong 1998 La Niña event, when a record cold SST
anomaly in the eastern equatorial Pacific occurred. The model simulations (with no
ocean data assimilation or relaxation to SST climatology) reveal that all three
submodels generally capture the westward extent of the SST cooling within the eastern
equatorial Pacific during the transition period from the 1997 El Niño to the 1998 La
Niña, one of the largest short term events ever observed (7�C change in SST from
May to June 1998). During the six-month period after the transition, the daily SST
from the submodels is � 2�C warmer than the buoy SSTs obtained from the Tropical
Atmosphere Ocean (TAO) array. Some of these biases are due to deficiencies in the net
shortwave radiation and near-surface air temperature used for the simulations.
Finally, comparisons with 166 yearlong daily SST time series from many buoys over
various regions of the global ocean, including mostly equatorial Pacific, give median
RMS differences of 0.65�, 0.70�, and 0.78�C for KPP, GISS, and MY, respectively,
during 1996–2001.
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1. Introduction and Motivation

[2] Sea surface temperature (SST) plays an important role
in atmosphere-ocean interactions. Therefore an accurate
determination of SST is essential for various types of
applications over the global ocean [e.g., Latif and Barnett,
1996; Schneider et al., 1999; Bond et al., 2003], but
especially over the tropical Pacific [e.g., Cronin and
McPhaden, 1997; Shinoda, 2005]. This is true on short
(e.g., daily and monthly) as well as on longer (e.g., inter-
annual) timescales since climate patterns involve atmo-
sphere-ocean feedbacks on all timescales [Enfield and
Mayer, 1997; Sutton and Allen, 1997].
[3] A realistic mixed layer submodel (MLS) in ocean

general circulation models (OGCMs) is a prerequisite in
order to be able to depict realistic SST variations on a wide
variety of temporal and spatial scales in the equatorial
Pacific [e.g., Swenson and Hansen, 1999]. Several MLSs
have become increasingly popular for use in OGCM studies

because of their conceptual appeal and promising accuracy
for the treatment of turbulent processes. These submodels
are as follows: (1) the K-Profile Parameterization (KPP)
model [Large et al., 1997], (2) the NASA Goddard Institute
for Space Studies (GISS) model [Canuto et al., 2002], and
(3) the Mellor-Yamada (MY) model [Mellor and Yamada,
1982]. Because of their extensive use in OGCMs, it is
important to evaluate performance of each one globally as
well as for specific regions and events.
[4] In this paper, the focus is on the tropical Pacific

Ocean region and the strong 1997-98 El-Niño-Southern
Oscillation (ENSO) event. We present qualitative and quan-
titative analysis of simulated SST using the above three
commonly-used MLSs. More specifically, the model eval-
uation is performed using extensive sets of observational
data sets, including daily time series of mooring buoy SSTs.
The evaluation of the MLSs is based on the accuracy of the
model to reproduce the SST variability on various time-
scales (from daily to inter-annual) without any assimilation
of oceanic temperature. In addition to the evaluation of
MLSs in predicting SST at locations where the SST is
dominated by local forcing and vertical mixing, we examine
the performances of the MLSs during strong events in the
tropical Pacific such as the marked shift in the equatorial
Pacific Ocean SST anomalies that occurs between the warm
(El Niño) and cold (La Niña) phases of ENSO [McPhaden,
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1999]. Given that both phases have considerable impact on
the global climate [Hendon, 2003] and result in potential
socio-economic damages [Elsner and Kara, 1999], reliable
determination of SST from dynamical models is of impor-
tance during an ENSO event.
[5] The strong 1997-98 ENSO event is of particular

interest, since it developed very rapidly, with a record high
SST drop (�7�C) occurring in the eastern equatorial Pacific
[Harrison and Vecchi, 2001]. Thus simulation of the SST
evolution during this event presents an excellent test case
for numerical models. Barnston et al. [1999] presented
inter-comparisons of 8 dynamical (coupled atmosphere-
ocean) and 7 statistical models and showed that none of
them was able to properly forecast the extent of the El Niño.
They concluded that significant progress and evaluation
were needed to better represent ENSO events. Therefore
for the model-data comparisons of SSTs obtained from
MLSs, we make extensive use of buoy time series. While
our main focus is to examine MLS performance using buoy
measurements, SSTs from a satellite-based product and an
archived numerical weather prediction model are also used
for global validation.
[6] This paper is organized as follows. The OGCM and

the MLSs used in this study are introduced in section 2, The
statistical metrics used for evaluating the SSTs from the
MLSs are then described in section 3. The overall global
performance of the MLSs over the 1996-2001 time frame is
discussed in section 4. The model’s ability in simulating the
1997 El Niño and 1998 La Niña events, including the
transition period is investigated in section 5. The impact of
wind errors on the modeled SSTs is discussed in section 6.
Finally, the results are summarized in the concluding section.

2. The Ocean Model

2.1. HYCOM General Features

[7] The OGCM used in this study is the HYbrid Coordi-
nate Ocean Model (HYCOM) [Bleck, 2002]. HYCOM
contains five prognostic equations: two for the horizontal
velocity components, a mass continuity or layer thickness
tendency equation, and two conservation equations for the
thermodynamic variables, which can either be salt and
potential temperature or salt and potential density. The
model behaves like a conventional s (terrain-following)
model in very shallow oceanic regions, like a z-level
(fixed-depth) coordinate model in the mixed layer or other
unstratified regions, and like an isopycnic-coordinate model
in stratified regions [Chassignet et al., 2006]. HYCOM uses
the layered continuity equation to make a dynamically
smooth transition to z-levels in the unstratified surface
mixed layer and to s-layers in shallow water. The optimal
coordinate is chosen every time step using a hybrid coor-
dinate generator [Halliwell, 2004] with further improve-
ments [Kara et al., 2005a]. The model automatically
generates the lighter isopycnal layers that are often needed
for the pycnocline when the ocean mixed layer is very
shallow, as it commonly occurs in the eastern equatorial
Pacific [e.g., Kara et al., 2003].

2.2. HYCOM Global Configuration

[8] The model used in this study spans the global ocean
from 78�S to 90�N. The grid is a 0.72� equatorial resolution

Mercator grid between 78�S-47�N with a bipolar Arctic
patch north of 47�N, i.e., a tripole grid [Murray, 1996]. The
average zonal (longitudinal) resolution for the 0.72� global
grid varies from �80 km at the equator to �60 km at
midlatitudes (e.g., at 40�N). The meridional (latitudinal)
grid resolution is doubled to 0.36� near the equator to better
resolve the equatorial wave-guide and is halved in the
Antarctic for computational efficiency. Hereinafter, the
model resolution will be referred to as 0.72� for simplicity.
The model’s land-sea boundary is at the 50-m isobath (with
a closed Bering Strait) so it never uses a terrain-following
vertical coordinate. The bottom topography was constructed
from the NRL Digital Bathymetry Database (DBDB2)
bathymetry database, which has a resolution of 2-min and
is available online at http://www7320.nrlssc.navy.mil/
DBDB2_WWW/.
[9] There are 26 hybrid layers in the vertical in the model.

The target density values for the isopycnals and the decreas-
ing change in density with depth between isopycnal coordi-
nate surfaces are based on the 1/4� Generalized Digital
Environmental Model (GDEM) climatology [NAVOCEANO,
2003]. The density difference values were chosen, so that the
layers tend to become thicker with increasing depth, with the
lowest abyssal layer being the thickest. The minimum thick-
ness of the top layer is 3 m, and this minimum increases
1.125� per layer up to a maximum at 12 m, and target
densities are chosen such that at least the top four layers are
always in z-level coordinates.

2.3. Mixed Layer Submodels

[10] Three of the MLSs available in HYCOM are based on
solving for Laplacian vertical diffusion over the full water
column with a variable diffusion coefficient (K). Among
these, KPP is a level 1 turbulence closure, which parameter-
izes the influence of a large suite of physical processes. GISS
is a level 2 turbulence closure, which includes both large-
and small-scale vertical shear. MY is a level 2.5 turbulence
closure, which is an improvement over the MY level 2
closure [Smith and Hess, 1993], since the former includes
the advection and diffusion of turbulent kinetic energy.

2.4. Atmospheric Forcing

[11] We use the atmospheric forcing data from the Euro-
pean Centre for Medium-Range Weather Forecasts
(ECMWF) 40-year Re-Analyses (ERA-40) [Kållberg et
al., 2004] for climatological simulations and operational
ECMWF data sets [Gibson et al., 1999] for inter-annual
simulations. The atmospheric forcing includes wind stress at
the sea surface, wind speed at 10 m above the sea surface
and scalar fields (net shortwave and longwave radiation
fluxes at the sea surface, air temperature and air mixing ratio
at 10 m above the sea surface). The components of the
surface heat flux, the net longwave and latent and sensible
fluxes, were computed with bulk formulations using the
model SST and the input ECMWF air temperature and
mixing ratio at 10 m above the sea surface [Kara et al.,
2005b]. The evaporation was derived from the computed
latent heat flux.
[12] For the model spin-up, the years 1979–2002 from

ERA-40 are averaged to form a climatological monthly
mean atmospheric forcing. The years prior to 1979 were not
used in the average since there were not many data used in
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the assimilation of the ERA-40 Re-Analyses. 6-hourly sub-
monthly wind anomalies from operational ECMWF over
the period September 1994 to September 1995 are then
added to the 12 monthly averages. Choosing another time
period for the 6-hourly wind anomalies (other than 1994-95)
did not have any significant impact on the model SST.
[13] There is no explicit relaxation of the HYCOM SST.

However, including air temperature from ECMWF in the
formulations for latent and sensible heat flux automatically
provides a physically realistic tendency toward the correct
SST. There is a relaxation of the HYCOM sea surface
salinity (SSS) to the monthly climatology of the Polar
Science Center Hydrographic Climatology (PHC). The
PHC climatology was chosen for its accuracy in the Arctic
region [Steele et al., 2001]. The SSS relaxation has a
constant coefficient of relaxation. The actual e-folding time
depends on the mixed layer depth (MLD), expressed as 30
days � 30 m/MLD, i.e., it is more rapid when the MLD is
shallow. Here, MLD is in meters. A relaxation of the SSS is
necessary to prevent long-term drift, and it is in addition to
the evaporation and precipitation surface fluxes [e.g., Kara
et al., 2005c].
[14] Additional forcing parameters read into the model

are monthly mean climatologies of satellite-based attenua-
tion coefficient for Photosynthetically Active Radiation
(kPAR in 1/m) and river discharge values. The shortwave
radiation at depth is calculated using a spatially varying
monthly kPAR climatology [e.g., Kara et al., 2005d]. Thus
using ocean color data, the effects of water turbidity are
included in the model simulations through the attenuation
depth (1/kPAR) for the shortwave radiation [Kara et al.,
2004]. The rate of heating/cooling of model layers in the
upper ocean is obtained from the net heat flux absorbed
from the sea surface down to a depth, including water
turbidity effects. The model also treats rivers as a runoff
addition to the surface precipitation field.

2.5. Initialization and Spinup

[15] The simulations were initialized from the monthly
mean temperature and salinity for August from the GDEM
climatology. Model simulations are performed for each
MLSs, i.e., of KPP, GISS and MY, respectively. Each model
simulation is first spun up for 8 years (statistical equilibrium
is reached in �5 years) using the ERA-40 climatological,
monthly mean thermal atmospheric forcing with 6-h wind
forcing as described in the previous section. A linear
regression analysis was performed for domain-averaged
quantities (temperature, salinity, potential and kinetic energy,
etc.) to determine the statistical equilibrium in each model
layer, which is expressed numerically as % change per
decade. The model simulations were deemed to be in
statistical equilibrium when the rate of potential energy
change was acceptably small (e.g., <1% in 5 years) in all
layers. After the 8-year spin up, the HYCOM simulations
were extended inter-annually from 1995 to 2001 using the
6 hourly wind/thermal surface forcing from the ECMWF
operational data set introduced in section 2.4.

3. Validation Data and Statistical Metrics

[16] Satellite SSTs as well as daily SST time series from
buoys will be used to evaluate the modeled HYCOM SST

obtained from simulations using the KPP, GISS, and MY
MLSs, respectively. Our goal is to provide quantitative
model-data comparisons of SST for each MLS. The statis-
tical metrics used for comparing the SST time series from
the models and observations are mean error (ME), root-
mean-square error (RMS), correlation coefficient (R) and
non-dimensional skill score (SS). Let Xi (i = 1, 2,. . .,n) be
the set of n observations (reference), and let Yi (i = 1,
2,. . .,n) be the set of corresponding model estimates. Also
let X (Y ) and sX (sY) be the mean and standard deviations
of the reference (estimate) values, respectively. Following
Murphy [1995], the preceding statistical measures can be
expressed as follows:

ME ¼ Y � X ; ð1Þ

RMS ¼ 1

n

Xn
i¼1

Yi � Xið Þ2
" #1=2

; ð2Þ

R ¼ 1

n

Xn
i¼1

Xi � X
� �

Yi � Y
� �

= sXsYð Þ; ð3Þ

SS ¼ 1� RMS2=s2
X : ð4Þ

ME is the mean difference between the HYCOM and
observed values over the time series. The RMS error can be
considered as an absolute measure of the difference between
the observed and modeled time series and a useful absolute
measure of the accuracy of the model hindcasts. The R
value is a measure of the degree of linear association
between the observed and modeled time series. SS takes
both RMS and sX into account, thereby providing a
normalization when the SST standard deviation is quite
different at two different locations. Values of SS range from
1.0 for the best result to negative values for the worst.

4. Evaluation of Climatological SST Over the
Global Ocean

[17] We first examine if the MLSs are able to reproduce
the monthly mean climatological SST over the global ocean
when using the monthly climatogical ERA-40 atmospheric
forcing introduced earlier. For that purpose, monthly clima-
tological mean HYCOM SSTs were formed from the SSTs
of the last four years of the spin up (i.e., model years 5 to 8)
of the climatologically forced simulations. The 4-year aver-
aging period was considered sufficient given the climato-
logical atmospheric forcing (no inter-annual variability) and
lack of eddy activity. The modeled SSTs are then compared
to the NOAA monthly SST climatology [Reynolds et al.,
2002] which was formed using an optimal interpolation (OI)
of in situ and satellite SSTs from 1971 to 2000. The
horizontal resolution of the NOAA climatology (1� � 1�)
is close to that of HYCOM (0.72� � 0.72� cos (lat)) and was
interpolated to the global HYCOM grid for comparisons
with the modeled SSTs.
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